The Sgs-3 gene of Drosophila melanogaster exhibits a tightly regulated pattern of expression governed by two functionally equivalent elements within 1 kb of the gene, each of which is sufficient to confer third-instar salivary gland-specific transcription. In this report we describe a detailed functional analysis of one of these, the proximal element. To determine the nucleotides responsible for specific expression, we have introduced mutations into the proximal element and then assessed the effects of each alteration on expression in the developing animal. We have identified six particularly important base pairs which are located in two regions separated by nonessential sequences. These base pairs, along with some surrounding sequence, are conserved within the upstream regions of the three glue genes at 68C. Nearly identical groups of base pairs can be found upstream of the other glue genes which have been cloned. This analysis has allowed us to derive a consensus sequence, which we believe contains binding sites for two different factors which interact to direct third-instar salivary gland-specific expression.
The Sgs-3 gene of Drosophila melanogaster encodes a glycoprotein component of the secretion produced in the salivary glands of the third-instar larva, which is expelled just prior to pupariation (1, 18) . This "glue" serves to affix the pupa to a surface for the duration of metamorphosis (8) . The Sgs-3 gene is one of three glue genes clustered at 68C on the left arm of the third chromosome (9, 32) . Two other of the eight known glue genes, Sgs4 at 3C and Sgs-5 at 90BC, have also been cloned (34) . The Sgs-3 gene exhibits a tightly regulated pattern of expression. It is abundantly transcribed only in a single cell type, of a single tissue, during a single 30 -h period of development: the secretory cells of the salivary gland in the mid-to late third larval instar. Our interest has been in understanding how this extraordinarily specific expression pattern is achieved.
Two trans-acting regulators of this gene have been previously described (see reference 33 for a review). The steroid hormone ecdysterone must be present at the time of the second molt, or no Sgs-3 mRNA is produced (14) . In addition, particular mutations at the 2B5 locus, such as that of the nonpupariating mutant npr-13, fail to produce Sgs-3 mRNA (5) . Whether either of these factors acts directly at the Sgs-3 locus is not yet known.
The required cis-acting sequences have been investigated in our laboratory and by others (for reviews, see references 29 and 33 ). An element located within 130 bp of the transcription start site (the proximal element) is sufficient for correctly regulated but low-level expression of this gene (54) . A second element, located between -130 and -629 bp relative to the transcription start site (the distal element), is also sufficient for regulated low-level expression (43) . When these elements are both present, a 20-fold enhancement of the level of expression is seen. Within the proximal element, only sequences between -56 and -98 are required for full function (28, 43) .
Which base pairs within this 42-bp region are specifically required for the stage-and tissue-specific expression of this gene? Functional analyses of promoters containing point mutations, either naturally occurring or produced in vitro, have allowed the identification of the consensus elements required for the regulation of many genes (see, e.g., references 12, 23, 36, and 55). These studies, however, have assessed genes as they are expressed in cultured cells. For a gene which is temporally regulated during development, assessment of the function of regulatory elements in the developing animal is particularly important. Such detailed knowledge of a regulatory element is a prerequisite for eventual isolation of the regulatory protein(s) which binds it (see, e.g., references 22 and 47). Here we report a finestructure functional analysis of those sequences of the proximal element of the Sgs-3 gene which have been shown to be sufficient for regulated expression. Individual point mutations and small deletions were introduced into the proximal element, and their effects on expression in the developing animal were assessed. We have identified six particularly important base pairs which fall in two separate required regions. Groups of base pairs within these regions are highly conserved among the glue genes at 68C, and we have found nearly identical groups of base pairs upstream of other cloned glue genes. The functionally important base pairs of the proximal element are conserved in other Drosophila species (27) (35) .
(a) Chemical reactions. Chemical reactions were performed essentially by the method of Meyers et al. (35) . About (Fig. 1) .
(c) Screening of point mutants. After transformation and plating, each colony was amplified in a microtiter well, and 5 RId of culture was spotted onto a nitrocellulose filter. These filters were treated with 10% sodium dodecyl sulfate for 3 min, denatured with 0.3 M NaOH-1.5 M NaCl for 5 min, neutralized with 1 M Tris hydrochloride (pH 7.4)-2.5 M NaCl for 5 min, and baked for 2 h at 80°C in a vacuum oven. Nine replica filters were made in this manner, and each filter was probed with one of nine different 32P-labeled oligonucleotide (20-mer) probes, each of which spans part of one strand of the 100-bp region. The nine probes together cover both strands of the 100-bp region (-130 to -30 bp) where mutations were desired (Fig. 1) solution plus end-labeled oligonucleotide probe (usually 300 to 600 cpm/pg and 107 cpm/ml). In the washing procedure, to control the stringency of the hybridization, a solution of tetramethylammonium chloride (Me4NCl) was used. Me4NCl binds selectively to A-T base pairs, thus displacing the dissociation equilibrium and raising the melting temperature. At 3 M Me4NCI, this displacement is sufficient to shift the melting temperature of A-T base pairs to that of G-C base pairs. When filters hybridized with oligonucleotide probes are washed in this solution, the melting temperature is independent of base composition and dependent only on probe length (56) . The filters were rinsed three times in 6x SSPE and twice for 30 min in 6x SSPE at RT. The filters were then rinsed with the Me4NCl wash solution (3.0 M Me4NCl-50 mM Tris hydrochloride [pH 8 .0]-2 mM EDTA containing sodium dodecyl sulfate at 1 mg/ml) at 37°C and washed twice for 20 min in Me4NCl wash solution at 59°C. At this temperature, clones having as little as a single-base alteration will result in the probe melting off. Absence of hybridization of a particular colony to a particular probe identifies the region of the mutations. Since the probes cover both strands (Fig. 1) , each 10-bp region is covered by two probes (an upper-and a lower-strand probe). Colonies which failed to hybridize to two overlapping probes were picked from the master dish; single-stranded plasmid DNA was prepared by using the method of Vieira and Messing (53) , and the ssDNA was sequenced by the dideoxy chain termination method (45) to verify the change introduced. A total of 2,150 colonies were screened, and 96 mutants were identified (77 from nitrous acid treatment, 10 from hydrazine, and 9 from formic acid). As some proved to have the same base change, mutations in a total of 46 of the 75 sites between position -106 and -32 bp of Sgs-3 were isolated by using this method. Of these 46 mutants, 20 have two base changes (double mutants) and 5 have three base changes (triple mutants).
(ii) Site-directed mutagenesis. After chemical mutagenesis, unmutated sites remain at random. To target these sites, a series of 20-base oligonucleotides were made. Each oligonucleotide covered four or five unmutated sites. At the time the oligonucleotides were synthesized, mutant and WT residues were mixed at each site, so that each oligonucleotide was a mixture of WT sequence and mutant sequence at these sites. These mixed oligonucleotides were used as primers for site-directed mutagenesis, by using the method of Kunkel (20) .
(a) Uridine-containing template. As the template for mutagenic oligonucleotide-primed DNA synthesis, ssDNA derived from transient assay plasmid pUC119'GOA.98 or M13 phage mpl8 into which the 150-bp SaII-KpnI fragment was subcloned was used. To prepare uracil-containing ssDNA from the pUC119-derived plasmid, transient assay plasmid pUC119'GOA.98 was used to transform RZ1032 (HfrKL16, dutl, ungl; [21] ). Single colonies were picked and cultured in YT medium (yeast extract, 5 g/liter; Tryptone, 8 g/liter; NaCl, 5 g/liter) containing 0.25 g of uridine per ml. Singlestrand phage production was initiated by superinfection of a mid-log phase culture with M13KO7 helper phage at a multiplicity of infection of 2 to 10. (53) . After 1 h of incubation at 37°C, kanamycin was added to a final concentration of 70 g/ml. After a further 16 h of incubation, supernatant was harvested and ssDNA was isolated. M13 mpl8 phage with uracil-containing DNA were prepared as previously described (20 Nucleotide sequence of the region, surrounding the proximal element of Sgs-3, which was screened for mutations. Numbering is the distance in base pairs upstream, where -1 is the first base pair upstream of the start site of transcription. Oligos 2 through 10 were used as probes in the screen for point mutations. Clones which failed to hybridize to a probe were assumed to have a mutation in the region covered by that probe and so were picked and sequenced. See Table 2 for a list of the mutations identified.
nucleotide by incubation for 3 min at 70°C followed by incubation for 15 min at RT in the presence of 10 mM Tris hydrochloride (pH 7.5) and 10 mM MgCl2. Second-strand synthesis and ligation were catalyzed by 5 U each of T4 polymerase and T4 ligase in the presence of 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), (pH 7.8); 2 mM dithiothreitol; 10 mM MgCl2; 500 M each dATP, dTTP, dGTP, and dCTP; and 2 mM ATP. This mixture was incubated first for 5 min on ice and then for 5 min at RT and 1 h at 37°C (21) , and 10% of this reaction mixture was used to transform JM101. As the primer used was a mixture of WT and mutant sequences, the resulting plasmids and phage were a mixture of WT and mutants. Colonies or plaques were then screened to identify mutant clones by using the same method described above for chemical mutagenesis.
(iii) Deletion mutants. Internal deletion mutants were made by using the same site-directed mutagenesis protocol described above, with 28-base oligonucleotides containing the deletion as primer.
All deletion mutants are listed in Table 1 ; all point mutants identified and tested for expression of alcohol dehydrogenase (ADH) in the transient assay are listed in Table 2 .
Transient expression assay. This method was originally developed by Martin et al. (30) . The details of the procedure as used in this work have been previously described (43) . Embryos were injected with plasmid pUC119'GOA.98, containing the mutant proximal element to be tested, at 0.5 mg/ml in injection buffer (49) . Third-instar larvae which developed from the injected embryos were dissected in cold Tris-buffered Ringer solution (TBR) (10 mM Tris [pH 8 .0], 80 mM NaCl, 5 mM KCI, 1.4 mM CaCl2), fixed for 5 min in cold Tris-buffered Ringer solution containing 1% glutaraldehyde, Tables 2 and 3 and Fig. 2. Previous studies using this transient assay system (43) (Fig. 3B) . Low expressers never show dark staining with isobutanol, and negatives never show staining with either alcohol in this assay.
Germ line transformation. Germ line transformation followed the standard methods (44, 49) and was described previously (43) .
Spectrophotometric assay of Adh activity. ADH enzyme activity was measured by using the method of Sofer and Ursprung (48), and details were described previously (43) .
Briefly, crude extracts were prepared from dissected salivary glands, and portions of this extract were added to a reaction mix containing substrate (2-butanol) and cofactor (NAD+). Change in A340 (due to NADH) was measured over time: a unit of ADH enzyme activity was defined as AA340 = 0.001/min. Total protein was also measured (by the method of Lowry [24] ), and the data was expressed as units of ADH activity per ,ug of total protein. assay. Therefore, we included in our test plasmid the distal regulatory element, which when present together with the proximal element gives a greater than 20-fold increase in expression: that is, it acts as an enhancer (43) . The fusion gene with 983 bp of Sgs-3 5' sequence present, including both regulatory elements, is positive in the transient assay.
In the context of this higher expression level, changes which significantly decrease functioning of the proximal element will lead to a negative result: failure to stain for ADH activity. The test plasmid is named pUC119'GOA.98 and is shown in Fig. 1 (see also Materials and Methods). Each mutation to be tested was subcloned into this test plasmid, replacing the WT sequence of the proximal element with the mutant sequence.
Internal deletion mutants of the proximal element. Our previous work has shown that the proximal element lies between -106 and -56 bp 5' of the Sgs-3 mRNA start site (43) . Since the binding sites of regulatory proteins are usually small, in the range of 8 to 20 bp, we predicted that only a portion of this element would contain required sequences. As a step toward narrowing down the required sequences, a series of 9-bp internal deletion mutations were created by site-directed mutagenesis to cover these sequences, and each was tested for expression in the transient assay. When five of the seven deletions were tested, staining for ADH activity was seen, indicating that none of these greatly affected functioning of the proximal element. However, two deletion mutations, from -92 to -84 bp and from -74 to -66 bp [dm(-92/-84) and dm(-74/-66), respectively] showed no detectable expression of ADH activity in the transient assay ( Fig. 2A and Table 1 ). Mutation dm(-65/ -57) shows expression; however, as the sequence ATT at -65 to -63 is repeated at -56 to -54, this deletion restores the WT sequence at -65 to -63. Since mutation dm(-60/ -52) also shows the expression of ADH, the ATT at -56 to -54 is not responsible for Sgs-3-specific expression; however, the base pairs at -65 to -63 remain to be tested by deletion (although they have been tested in point mutations; see below and These two small regions are marked with a bold line under the WT nucleotide sequence in Fig. 2A .
Point mutations of the proximal element. The deletion analysis narrowed the required sequences to a subset of the base pairs of the proximal element. On the basis of these results, we predicted that point mutations in some of the base pairs falling within these two small regions would negatively affect expression of the fusion gene and conversely, that no point mutations falling outside these regions would have a detectable effect. Therefore, to map the functional parts of the proximal element more precisely, point mutations in 48 of the 51 bp of the element were made and recovered in vitro and cloned into the test plasmid. Of these, 46 have been tested for expression in the transient assay.
Two ADH assays were used to analyze expression of the point mutations, by using two different substrates for the enzymatic reaction. The ADH enzyme of D. Melanogaster shows a marked substrate preference for secondary alcohols: the rate of oxidation is up to 100 times higher for secondary alcohols than for primary alcohols (48) . This means that histochemical staining reactions performed with sec-butanol have a lower threshold than those performed with isobutanol; that is, fusion genes with a lowered level of expression may test positive with sec-butanol but be negative with isobutanol. For this reason, sec-butanol is too sensitive for screening mutations which have only a slightly reduced level of expression. To identify such moderately defective mutations, some point mutations, mapping between -92 and -84 and between -74 and -63 bp, were screened first using isobutanol.
Each mutation tested which mapped outside the -92 to -84 and -74 to -63 regions, which were shown to be necessary in the deletion analysis, showed expression (see Table 2 and Fig. 3A) . Also, within these two regions, many of the base pair changes tested allowed expression. However, seven mutations showed either no expression of ADH or convincingly reduced expression of ADH (Fig. 2B and Table 2 ). When assayed with the less sensitive substrate isobutanol, PM(-89), PM(-89;-73), PM(-88), and PM (-68) showed no salivary gland expression of ADH, and PM(-92; +2) and PM(-67) showed very weak salivary gland expression of ADH (see Fig. 3B for an example). [ (43) . Since constructs with the entire proximal element deleted express only 5% of WT levels of enzyme activity (43) , the proximal element in dm(-92/-84) appears to still retain some function. A similar result is found for constructs with the second region of required base pairs deleted, dm(-74/-66); these express about 40o of WT level. Therefore, we find that neither region of the element is wholly responsible for the function of the proximal element. This is consistent with previous results (28) (-90 ). This construct expresses only 4% of WT levels of ADH; this is much less than dm(-92/-84), the deletion which removes this region of sequence, and is comparable to levels expressed by a construct with the entire proximal element deleted (TfGOAX.98PA88; see reference 43) . We confirmed the identity of this transformed sequence to be sure it contains only the expected mutation. This was done by direct sequencing of the fusion gene using polymerase chain reactionamplified DNA (see Materials and Methods). Figure 4 shows that the transformed animals carry the expected T-to-A transversion.
DISCUSSION
Sequence homologies at 68C. In the proximal element we have found six positions that are sensitive to single-base substitutions, which fall in the two regions where deletions have an effect. This implies that the regions including these six positions contain cis-acting sequences which constitute the regulatory element. For the following reasons, we predict that two other regulatory elements, the distal element of VOL. 10, 1990 5997 5998 TODO ET AL. b Note that this homology has an orientation, with respect to the transcription start site, which is opposite to that of the others. Table 2 ), or (c) dm(-92;-84) ( Fig. 2 and Table 1 ) (see also Materials and Methods). A* indicates the T-to-A substitution at -90; -indicates the position of the 9-bp deletion between -93 and -83.
Sgs-3 and the regulatory element of the other two glue genes found at 68C, Sgs-7 and Sgs-8, have homologous cis-acting sequences.
At least three regulatory elements required for full-level expression of Sgs-3 have been identified: the proximal element (at -56 to -98 bp), the distal element (at -130 to -629), and one or more elements further upstream (29, 43) . We have previously shown that the distal and proximal elements are functionally equivalent; each element alone directs low-level but correct tissue-and stage-specific expression, and when combined, they act together to give a greater than 20-fold increased level of expression; that is, they act synergistically (43) . This suggests that both elements may be bound by the same factor(s) and might well have the same or nearly the same sequences for regulation of expression.
Sgs-7 and Sgs-8 are located upstream of Sgs-3 in the 68C glue gene cluster and are transcribed as a divergent pair with 475 bp between their 5' ends. A regulatory element required for expression of both these genes resides between -43 and -211 bp 5 This indicates that the Sgs-718 element is also functionally equivalent to the distal and proximal elements of Sgs-3 and might also have the same regulatory sequence.
The sequence surrounding the distal element of Sgs-3 and that surrounding the Sgs-718 element were aligned with the sequence of the proximal element surrounding the two important regions which we have identified in this work and were searched for similarity. Figure 5 shows that a similar sequence is found in each of the three elements. The common sequence has been boxed. Note first of all that the identified homology extends beyond the 6 bp identified in the point mutational analysis but falls within the deletions which seriously affect expression. Second, there are two copies of the homology in the regulatory region of Sgs-718. Both have the same orientation, that is, facing Sgs-7. Third, the spacing between the two required regions of the homology is variable, ranging from 18 bp for the proximal element of Sgs-3 to 39 bp for element 2 of Sgs-718. Each of these spacer regions contains a stretch of A+T-rich sequence.
The regulatory element consensus sequence. If we believe that the sequence homology identified within the regulatory elements of Sgs-3, Sgs-7, and Sgs-8 is involved in tissuespecific expression, we would expect to find copies of it near other salivary gland-specific genes. Table 4 shows that this prediction is also confirmed. There are several copies of both the T-TTTG and the TCCA parts of the homology within the Fig. 1 , is from the transcription start site of Sgs-3, Sgs-7 (7), or .
upstream region of Sgs4. Three pairs of these homologies have a spacing within the range of those seen at 68C and coincide with the three elements previously identified (17) as being involved in tissue-specific expression of this gene. Note that one of the listed Sgs4 elements has an orientation opposite to that of all the others. It is reasonable to assume that such an element could be functional because gene constructs in which the distal element of Sgs-3 is in an inverted orientation still function, though at a reduced level (11, 43) . The nucleotide sequence of the Sgs-S gene has also been determined (46) , and we found the Sgs-3 motif in the upstream region of this gene as well. Although these workers found that a deletion which removes the T-TTTG half of the motif still expresses, we would like to note that the sequence of the vector placed next to the breakpoint in the construct tested contains homology to the part of the motif which was deleted (pBR322: 5'-TCATGTTTGACAGCTTATCATCGI fusion). We also note that one of only three single-base-pair alterations found in the 5' DNA of a nonexpressed allele of Sgs-S lies very near the TCCA half of the motif. Three of the four homologies in these two genes also contain A+T-rich sequences in the spacer. From comparison of these sequences we have derived a consensus sequence, shown on the last line of Table 4 . All of the base pairs of the consensus are conserved in Drosophila simulans, Drosophila erecta, and Drosophila yakuba, three species whose Sgs-3 homologs are correctly expressed when transformed into D. melanogaster (27) . Similarly, when the upstream sequence of the Sgs-3 homolog lgp-1 of D. virilis (a distantly related species) is searched, this consensus element is also found there (51) .
The consensus sequence consists of two separated regions and a spacer sequence between them. The sequence is Fig. 2A) . Therefore, a spacing of 9 bp is also allowable. These remaining base pairs are not particularly A+T rich, so the significance of this quality of the spacer region is unclear. In contrast, a 20-bp deletion in the spacer of the distal element expresses less than 50% of the level of the undeleted gene (41) .
Nature of the consensus element. The consensus element consists of two separated regions of homology. In the first of these regions, the bases TNTTTG are closely conserved. This is part of an imperfect inverted repeat, found at -76 to -90 bp of the proximal element, which is closely related to a sequence proposed as the ecdysterone response element of hsp23 and also found upstream of a number of other ecdysterone-regulated genes (31) . However, deletion of half of the inverted repeat does not seriously affect expression, so the symmetry of the homology may not be relevant. It shows no homology to any published steroid receptor binding site (see reference 7) nor to the ecdysterone response element identified for hsp27 (42) . This conserved region does have homology to the octamer motif of vertebrate genes, which is bound by a family of octamer-binding proteins (16) , including a lymphoid specific factor, Oct-2 (3), and a factor expressed ubiquitously, Oct-1 (50) . This homology is especially striking in the proximal element of Sgs-3 studied here, where the sequence 5'-GTTTGCAT-3' is a 7 of 8 match to a consensus site found upstream of all immunoglobulin light chain genes and of the herpesvirus Tk gene (37, 38) 10, 1990 5999 6000 tion. The pattern of protected G residues in salivary glands of mid-to late third-instar larvae was compared with that in glands of early third-instar larvae and with that in prepupae, stages at which the Sgs-3 gene is not expressed, as well as with the patterns in other tissues of the third-instar larva, such as fat body and gut. While site 1 (the region of the TNTTTG sequence) is bound in all tissues and times during the third instar, site 2 (the region of the TCCATI sequence) is bound only when the glue gene is being expressed. Furthermore, the latter site is not bound in the third-instar larval salivary glands of npr-13 mutants or in the ecdysoneless mutant 1(1)su(f)ts679 (neither of which expresses Sgs-3), while the former site is bound in these mutants. This implies that at least two proteins are binding, each specific for one of the conserved sites, and therefore that there are two regulatory domains within what we have called the proximal element.
Interactions between the elements. It has frequently been observed that DNA binding proteins can interact with each other to give enhanced levels of expression or inducibility and that these interactions can be homologous (multiples of the same protein) or heterologous (different transcriptional activators) (16, 26) . For some factors, this feature is so striking that it has been called promiscuous cooperativity (40) . For instance, multiple copies of a glucocorticoid response element dramatically increase steroid inducibility of an attached gene (15, 52) . It seems to be a common property of steroid-responsive genes that heterologous as well as homologous cooperations can contribute to the expression patterns observed. We have previously shown that the proximal and distal elements cooperate to direct high-level expression of the ecdysone-regulated Sgs-3 gene (43) . The present work (together with the work of Mathers, discussed above) allows us to propose a model for these interactions (Fig. 6) . Each of the elements, proximal and distal, includes binding sites for two different factors. The factor which binds to site 1 appears to be present ubiquitously, whereas the factor which binds at site 2 is specific for the third-instar salivary gland (Mathers, Ph.D. thesis). We propose that the site 2 protein must interact with the site 1 enhancer-type protein in a heterologous interaction to allow stage-and tissue-specific expression; site 1 or site 2 alone gives no expression. In addition, site 1 protein bound at the proximal element interacts homologously with other site 1 proteins bound farther upstream to give synergistic enhancement of the level of expression. Since there might also be heterologous interactions with other site 2 proteins bound farther upstream, one might expect a fairly complex array of levels of expression, depending on how many binding sites for each of the two factors is present in a given locus. This is in fact what has been seen by us and others (28, 43) : in constructs where upstream binding sites are still present, deleting part or all of sites 1 or 2 leaves varying amounts of residual activity. In this context it is interesting to note the point mutant PM(-90). This single-base-pair change has the effect of completely inactivating the proximal element, equivalent to deleting both site 1 and site 2. One possible explanation for this could be that this mutant site is still bound by the site 1 protein, but the protein is now in a conformation which prevents proteins bound at the proximal element from interacting with proteins bound farther upstream.
This analysis has allowed us to identify at least the core of the binding sites for two different regulatory factors of the Sgs-3 glue gene. With this information, we have started a search for the DNA binding proteins which act through these sites. 10) .
